A restriction site map has been deduced of unintegrated and integrated FeLV viral DNA found in human RD cells after experimental infection with the Gardner-Arnstein strain of FeLV. Restriction fragments were ordered by single and double enzyme digests followed by Southern transfer (1) and hybridization with 32P-labeled viral cDNA probes. The restriction map was oriented with respect to the 5' and 3' ends of viral RNA by using a 3' specific hybridization probe. The major form of unintegrated viral DNA found was a 8.7 kb linear DNA molecule bearing a 450 bp direct long terminal redundancy (LTR) derived from both 5' and 3' viral RNA sequences. Minor, circular forms, 8.7 kb and 8.2 kb in length were also detected, the larger one probably containing two adjacent copies of the LTR and the smaller one containing one copy of the LTR. Integrated copies of FeLV are colinear with the unintegrated linear form and contain the KpnI and SmaI sites found in each LTR.
INTRODUCTION
The feline leukemia virus (FeLV) is a Type C retrovirus which is horizontally transmitted among domestic cat populations (2) (3) (4) (5) (6) and is detectable in 60-70% of cats bearing leukemia or lymphoma (7) . FeLV is found in high titer in the infected cat's saliva and at generally lower levels in the blood and lymphatic tissues (5, 8) . Although the yearly incidence of leukemia and lymphoma in cats is 44 per 100,000 in the USA (9) , it is estimated that exposure to FeLV in natural cat populations may be as high as 50% (10) . Several members of the genus Felis, including domestic cats, possess sequences which will cross hybridize with FeLV RNA (11, 12) yet no spontaneous induction of FeLV has been reported. Evidence has been presented which suggests that a portion of the infectious FeLV is missing in the endogenous ©) IRL Press Limited, 1 Falconberg Court, London W1V 5FG, U.K. cat genome (13) . Studies in our laboratory indicate that endogenous FeLV sequences in domestic cat DNA show a considerable difference in sequence organization from that of the FeLV sequences in infected heterologous cells (Casey et al., manuscript in preparation).
FeLV will productively infect homologous and sensitive heterologous tissue culture cells; the latter include monkey, dog and human cell lines (14) (15) (16) . In all cases, a number of DNA copies of the viral RNA genome are found integrated into the host genome. Purified DNA extracted from productively infected heterologous cells is itself infective for cat and sensitive heterologous tissue culture cells (15) . DNA from normal cat tissues or cat cells in culture is not infective for recipient cells unless derived from a virus productive state (Nicolson, unpublished observations) . Several different isolates and subgroups of FeLV have been described, distinguishable by host range and immunological characteristics (17, 18, 19) .
We wish to understand the relation between viral gene expression, leukemia and the sequence organization and site of integration of viral sequences. The appropriate initial study is of the viral sequences in infected heterologous cells, where there is no background of endogenous sequences. These problems can now be approached by recombinant DNA methodology. In preparation for such an approach, we have deduced a detailed restriction map of FeLV DNA found in RD(FeLV) cells, human RD cells infected with the Gardner-Arnstein strain of FeLV (20) , by Southern blotting, restriction mapping methods.
In the several cases studied, Type C RNA viruses have been shown to replicate through double stranded DNA intermediates, linear and circular forms of which can be found independent of host chromosomal DNA within a few hours after infection (for review see Ref. 21 ). Subsequently, a variable number of viral DNA sequences integrate into host chromosomal DNA and new virus production can usually be detected within 48 hours after infection (15) . In agreement with these findings we find that unintegrated viral DNA's can be observed in cells infected with FeLV. The predominant 8.7 kb linear form was mapped using 13 six base recognition site endonucleases. This map has been helpful in interpreting the restriction digest patterns of minor unintegrated forms and of integrated (proviral) FeLV sequences.
MATERIALS AND METHODS
Isolation of viral RNA. The Gardner-Arnstein strain of FeLV was harvested at 4 hour intervals from the cell culture medium of a subline (RD(FeLV)-2) of chronically infected human RD cells after an initial 12-hour label with 25 pC/ml of uridine-5-3H in NTE, pH 7.2 (NTE is 10 mM Tris, 100 mM NaCL and 1 mM EDTA). Virus was twice centrifuged to equilibrium in 20 to 50% sucrose gradients, the first in a discontinuous gradient in a Ti 15 zonal rotor at 28 Krpm, 50C, for 2 hours. The second centrifugation was on a linear gradient in a SW27 rotor at 27 Krpm and 2°C for a minimum of 5 hours. Virus containing fractions were pooled, diluted and pelleted by centrifugation in an SW27 rotor at 27 Krpm and 20C for 2 hours. The concentrated virus was lysed with 0.5% SDS in NTE, pH 7.2, digested with 500 jg/ml proteinase K at 420C for 40 minutes, and the viral RNA separated by velocity sedimentation in 10 to 30% linear sucrose gradients in an SW 50.1 rotor, 45 Krpm, for 2 hours at 6°C. The 70S RNA was located by radioactivity, appropriate fractions pooled, dialyzed against H20 and used as a template for cDNA synthesis.
Isolation of Cellular DNA's. DNA was extracted from nearconfluent RD(FeLV)-2 cell cultures by a minor modification of the method described in Ref. 15 . Cells were lysed with 0.5% SDS in 0.1 M NaCl, 0.01 M Tris, pH 8.2, 0.1 M EDTA, and incubated for 18 hr with 100 ig/ml proteinase K at 370C. After extraction with chloroform:isoamyl alcohol (24:1), the precipitated DNA was redissolved in 0.01 M Tris, pH 7.2, 0.01 M NaCl, 0.01 M EDTA, incubated with 100 pg/ml boiled ribonuclease A, followed by proteinase K at 50 pg/ml. The Prehybridizations (4-16 hours) and hybridizations (3 days in 50% formamide or 22 hours in 50% formamide plus 10% dextran sulfate (Pharmacia)) were carried out at 420C with mild agitation in tape sealed plastic boxes with 10 ml per initial filter and 5 ml per additional filter. Prehybridization buffer was 50% formamide, 0.1 M PIPES, 0.8 M NaCl, 200 ig/ml of sonicated and denatured calf thymus DNA (500 ig/ml for dextran sulfate blots), 100 pg/ml HeLa RNA, 0.1% sodium n-lauroyl sarkosine and 0.1% each of Ficoll, polyvinylpyrollidone and bovine serum albumin (Pentax). After prehybridization the solution was drained and replaced with fresh prehybridization solution plus probe and where indicated, 10% dextran sulfate. Hybridization mix was heated to 650C before each use. Probe concentrations varied from 5 x 105 dpm/ml (0.6 ng/ml) for dextran sulfate blots to 1-5 x 106 dpm/ml (1-6 ng/ml) in formamide blots.
After hybridization the solution was stored at -20°C for reuse and the filters washed twice at room temperature in 250 ml of 2 x SSC, 0.05% sodium n-lauroyl sFrkosine, 0.02% sodium pyrophosphate for 10 min each. Subsequently, filters were washed in 4 changes (250 ml each) of 0.2 x SSC, 0.05% sodium n-lauroyl sarkosine, 0.01% sodium pyrophosphate at 500C over a period of 1-2 hours. Excess Physical maps of cleavage sites derived from the data shown in Fig. 2 (24) (25) (26) (27) . These redundancies result from retrovirus replication and are composed of sequences homologous to both the 3' and 5' ends of viral RNA in the order |3' | 5' 3 (24, 25, 27) . Long terminal redundancies (LTR's) are detected by hybridization of 3' and 5' specific probes to both ends of viral DNA and by identical ordering of restriction sites near the ends of the DNA. Figure 3F shows that there are Sma I sites very close to the Kpn I sites about 350 bp from the left end and 100 bp from the right end of the linear duplex. The 350 bp band produced by Sma I, Kpn I and Sma I plus KpnI are indistinguishable (Fig. 4) .
Studies of the cloned integrated FeLV sequences (manuscript in preparation) suggest that the Sma I sites are about 10 bp to the left of the Kpn I sites at both the left and right ends. It is quite improbable that this arrangement is due to random chance, and strongly suggests the existence of a long terminal repetition of length 350 + 100 = 450 bp.
A hybridization probe enriched for 3' sequences was prepared by using oligo-dT chromatography to select poly A containing (3' end) viral molecules of average length 2 kb + 1 kb from randomly degraded viral RNA. Representative cDNA of this RNA was then synthesized using DNase I digested calf thymus DNA as primer. The use of this probe resulted in intense hybridi- (Fig. 1) . Limited nicking of this DNA by incubation at 370C (Fig. 1) This suggests that two circular forms are present in these preparations. The two lowermost bands probably correspond to supercoiled closed circular forms and the two uppermost bands probably correspond to nicked circular forms. The mobility of the 6.8 kb minor band is not affected by single strand nicking therefore it is probably a linear form. Its origin is presently unknown. The presence of circular forms have been documented previously in similar preparations of the unintegrated DNA of avian sarcoma virus and murine leukemia virus (24, 28, 29) . In these cases, the larger form corresponds to a molecule containing two adjacent copies of LTR's and therefore resembles a circularized linear form, whereas the smaller form contains only one LTR.
Digestion with any of the 5 restriction endonucleases making a single cut in linear viral DNA reproducibly results in two minor bands, one 8.7 kb, the same length as the uncut linear form, and another 8.2 kb in length. This occurs along with the corresponding loss of the circular bands seen without enzyme digestion (c.f., Bam HI and Bgl II digests patterns, Fig. 2 ; in the reproductions shown here, only the more predominant 8.7 kb band is clearly visible). The intensities of these bands are about the same as those of the circular forms seen without enzyme digestion. These observations suggest that these minor forms represent linearized circles and that the circular forms have the same sequence organization as the predominant linear form and that the shorter form may lack one copy of the 450 bp LTR. If circularized forms of the major, linear viral DNA are found as minor components, then digests of FeLV unintegrated DNA should reveal minor bands with an apparent molecular weight equal to the fusion product of the left and right terminal fragments of the linear molecule. In all cases in which the predicted fragments are sufficiently large to be detected, they are found.
The junction fragment from the longer form, which is more abundant, is observed when the predicted fragment length is 3 kb or greater; both the longer and shorter (by 0.45 kb) fragments are observed for fragment lengths 5 kb or greater. Examples are shown in Figs. 2 and 4 . Xho digestion results in a minor band 3.6 kb in length (Fig. 2) , the predicted length of a fusion product between the 2.8 and 0.8 kb end fragments of the linear molecule. Bam HI digestion does not cleave within the terminal Xho fragments and does not alter the mobility of the 3.6 kb Xho I fragment. Figure 4 shows a Hpa I digest of Hirt supernatant DNA, Hpa I makes two cuts, 0.6 kb apart, flanking the Bam HI site in the center of the genome. The minor bands detected after Hpa I digestion are 8.1 and 7.6 kb, 0.6 kb smaller than the minor bands in the Bam HI digest and the exact length predicted for fusion fragments. Furthermore, as expected Bam HI digestion cleaves the smallest Hpa I fragment derived from linear DNA and does not affect the mobility of the minor forms. The data indicate the presence of two circular forms, one probably containing two adjacent copies, and the other one copy of the LTR.
Sequence organization of FeLV DNA after integration into host chromosomal DNA. RD(FeLV)-2 is a cell line derived by infection of RD cells with the Gardner-Arnstein strain of FeLV (30; Nicolson, unpublished) , and cloning in soft agar.
Digestion of RD(FeLV)-2 chromosomal DNA with enzymes which do not cleave within the viral genome (c.f., Eco RI digest shown in Fig. 1 ; Xba I and Xba I + Eco RI digests are not shown) results in eight or more FeLV containing bands, each greater than the viral genomic length of 8.7 kb. Some of the bands are broad and consist of several unresolved or partially resolved components, therefore we cannot make a precise statement as to the number of integrated FeLV sequences. Recombinant DNA studies of this cell line indicate at least 15 provirus copies are present (Mullins et al., manuscript in preparation) .
These data are therefore consistent with the model that RD(FeLV)-2 cells contain 15 or more copies of full length FeLV proviral DNA, with each copy integrated at a different site within the host chromosome. The lengths of the fragments containing FeLV sequences are then determined by the positions of the restriction sites in the host sequences flanking the viral DNA.
According to this model, if the integrated FeLV sequences are not permuted relative to unintegrated FeLV, digests with enzymes that make two or more cuts within the viral sequences should give bands of about 15-copy intensity for the internal fragments, with single copy intensity for fragments defined by one cut within the viral DNA and one in the flanking sequences.
Digestion of unintegrated DNA with Kpn or Bcl reveals 4 major bands each, detectable in Southern blots (Fig. 6, panel A) . Double digestion with these enzymes reveals six bands (Fig. 6,  panel A) . The lengths of these fragments can be predicted from the map in Fig. 3 . Digestion of RD(FeLV)-2 DNA with either of these enzymes or combination reveals the same bands e.~cept for the left and right terminal fragments (Fig. 6, panel A) (Fig. 6, panel B) . The (Mullins et al., manuscript in preparation) reveals that no SMA I sites are missing in at least 15 different copies of integrated DNA. This result is not due to partial digestion, since no evidence for partial digestion at other sites is observed and marker DNA's included in the digests were digested to completion in each reaction (data not shown). We suggest that the correct interpretation is that in some, but not all, of the copies of FeLV, the Sma I site in the center of the genome (Fig. 3F) is methylated.
Comparison of digests by Hpa II and Msp I can distinguish between methylated and unmethylated CCGG sequences and the Sma I site constitutes a subset of these sites (32) . Our studies of FeLV digests by these enzymes demonstrate that some, but not all, of these sites in the region of the Sma site in the center of the FeLV genome are methylated (33) .
DISCUSSION
We have presented restriction mapping data of FeLV related DNA sequences present in both unintegrated and integrated forms in virus infected human RD cells. Mapping was accomplished by single and double cleavage of the DNA of interest with restriction endonucleases, separation of fragments according to size in agarose gels, transfer to nitrocellulose paper and hybridization using 32P cDNA made from purified FeLV RNA.
Both unintegrated and integrated FeLV DNA's were obtained after infection of RD cells with the Gardner-Arnstein strain of FeLV. This strain contains no detectable level of transforming FeSV (Nicolson, unpublished observations). Of the two FeLV subtypes present in this strain (A and B), only the B subtype is thought to infect human cells (14, 19) . Therefore the abundant DNA species seen in these preparations is probably FeLV-B.
The predominant form of unintegrated FeLV DNA observed is a linear 8.7 kb duplex DNA molecule. A 450 bp long terminal repetition of DNA derived from both ends of viral RNA is found in preparations of unintegrated and integrated DNA. This compares with the 300-1200 bp repetitions found in other retroviruses (24) (25) (26) (27) . Two minor, probably circular forms of unintegrated viral DNA are detected in addition to the prominent 8.7 kb linear form. These minor forms are 8.7 and 8.2 kb in length and probably correspond to circular molecules containing 2 and 1 copies of the LTR, respectively. Such molecules have been detected in avian and murine systems as well. The minor 6.65 kb band seen in unintegrated DNA preparations may correspond to FeLV subtype A DNA which could have been pseudotyped by B particles, or to a deleted form of the predominant linear molecule. Experiments are currently underway to serotype virus derived from recombinant cloned FeLV DNA obtained from these cells.
Our results demonstrate that integrated FeLV sequences in RD(FeLV)-2 are colinear with the predominant unintegrated form. On the basis of restriction fragments produced by digestion of integrated DNA with six-base recognition enzymes, FeLV DNA appears to integrate at different sites in human DNA, since many, apparently single copy virus-cell junction fragments, are observed. Digestion of chromosomal RD(FeLV)-2 DNA with enzymes which make a single cut within the viral genome results in bands of variable lengths and no prominent bands of viral genome length (data not shown). In addition, no fragments of length equal to the fusion of right and left ends of the viral genome are seen in integrated DNA in contrast to unintegrated DNA preparations. This indicates that in these cells, viral genomes have not integrated in a tandem array. And while we have not ruled out the presence of linear concatenates in our unintegrated viral preparations, no evidence is found for the integration of these forms or permuted forms of circular molecules. Our data do not rule out short, specific, or preferred sites of integration at a repeated sequence in the human genome, undetectable by the restriction mapping carried out thus far. More detailed analyses of the sequence organization, integration specificity and biological activity of integrated FeLV DNA cloned in procaryotic vectors are currently underway in our laboratories.
